ins work in concert to disrupt the host cell actin cytoskeleton, block phagocytosis, and cause cell death (13) . ExoU possesses phospholipase A2-like activity with broad substrate specificity (14) . In addition to its cytotoxic effects to many cell types, ExoU induces expression of inflammatory genes (15) . ExoY has not been implicated directly in cellular toxic effect (16) .
The major P. aeruginosa surfaceassociated virulence factor, lipopolysaccharide (LPS), plays an important immunogenic and structural role and also mediates the interaction between the bacterial cell surface and the external environment. LPS is usually bound by LPSbinding protein, which is transferred to the CD14 receptor on macrophages, thereby inducting secretion of cytokines, known markers of inflammatory response. Structurally, LPS is composed of a lipid A region, a central core oligosaccharide, and a variable length portion referred to as O antigen. LPS O antigen has been used for the classification of P. aeruginosa isolates (or serotypes) and several lines of evidence suggest a contribution to P. aeruginosa virulence (17) .
Each of these virulence systems (quorum sensing [QS] , TTSS, and LPS) has been shown to be determinants in P. aeruginosa pathogenicity in several models. Using deficient mutants in the las or rhl systems or mutants that produce altered elastase or pyocyanin, QS has been shown to be necessary for virulence in animal models of pneumonia (18 -21) . Similarly, several studies showed that ExoU and ExoS are crucial in the pathogenesis of animal pneumonia (22) (23) (24) (25) (26) (27) . Finally, a mutant altered in LPS structure showed that LPS was a key factor in a model of P. aeruginosa infection of burned mice (28). In most cases, these studies used laboratory reference strains of P. aeruginosa, or mutants, which may have lost important pathophysiological characteristics and therefore could inadequately reflect real-life clinical pathogenesis (29). A few studies using clinical strains have suggested that either QS, or more often TTSS, was associated with the prognosis of lower respiratory and systemic P. aeruginosa infections (30 -33). However, no studies have established the in vivo respective contribution of these virulence systems to the pathogenicity of clinically relevant strains of P. aeruginosa.
The aim of our study was to assess the contribution of different known virulence systems, QS, TTSS, and LPS, in 56 nonclonal P. aeruginosa strains iso-lated from 58 patients with VAP (Fig 1) . In this first part of our work, the QS, TTSS, and LPS phenotypes were determined for each strain. For QS, the production of QS-dependent factors, pyocyanin, and elastase was quantified. For TTSS type 3 effector secretion phenotype (according to three groups: exotoxin U-positive phenotype, exotoxin S, and/or T-positive phenotype and nonsecreting toxins isolates) was determined. For LPS, each strain was classified on the LPS O-antigen serotype. Interactions between P. aeruginosa virulence factors and the host immune response dictate the severity and the type of infection; to avoid variation of critically ill patient's immune response, the pathogenicity of each clinical strain was evaluated in vivo using a mouse model of acute pneumonia. Lung injury was assessed by measuring the efflux of an airspace protein tracer into the blood compartment and the lung wet/dry weight ratios. Bacterial dissemination was finally assessed by blood cultures. (34) . All bacteria were maintained as glycerol stocks at Ϫ80°C. Replicate isolates were excluded after pulsed field gel electrophoresis, leaving 56 genotypically distinct strains, collected from 56 patients, for further analysis (34) .
MATERIALS AND METHODS
O-Antigen Serotype. The LPS O antigen has been used for the classification of P. aeruginosa isolates. The O serotyping of isolates was performed by slide agglutination with specific antiserum (Biorad, Marnes-la-Coquette, France).
Elastase and Pyocyanin Quantification Assays. The methods for measuring these parameters have been previously published (34) .
ExoS, ExoT, ExoU Southern Blot Genotype Analysis. After digestion of genomic DNA strands with EcoRI, hybridization was performed with digoxigenin-labeled probes. Probes were synthesized by polymerase chain reaction using primers previously described for amplification of exoS (35) , exoT (36) , and exoU (37) .
Exotoxin S, T, and U Secretion. Bacteria were grown in a calcium-depleted Luria-Bertani medium and extracellular proteins were analyzed as described elsewhere (38) . Western immunoblot analysis was performed using rabbit polyclonal antisera against ExoS or ExoT and against ExoU, generously supplied by Prof Wiener-Kronish (Department of Anesthesia and Critical Care, Massachusetts General Hospital, Boston, MA). A rabbit anti-rabbit immunoglobulin G-horseradish peroxidase conjugate (Biorad) was used as a second antibody. Proteins were visualized with the enhanced chemiluminescence kit (Amersham Biosciences, Little Chalfont, UK).
Infection and Assessment of Lung Injury in Mice.
Male BALB/c mice 6 wks old (Janvier Laboratories, Le Genest St. Isle, France) were infected as previously reported (39) . All experiments were performed with the approval of the Lille Institutional Animal Care and Use Committee. Bacteria were grown in tryptic soy broth at 37°°C for 8 hrs. Cultures were centrifuged and the bacterial pellet were washed twice and diluted in phosphate-buffered saline to reach 8.10 8 colony-forming units/mL as evaluated by spectrophotometry. The bacterial concentration was checked by plating serial dilutions and counting colony-forming units. After being anesthetized with inhaled sevoflurane (Sevorane; Abbott Laboratories, Queenborough, UK), a bacterial inoculum (50 L of 8.10 8 colonyforming units/mL inoculum) was instilled into the lungs through a gavage needle inserted into the trachea through the mouth. To assess lung injury, 1 Ci of 125 I with 5% bovine serum albumin (Sigma-Aldrich, Saint-Quentin Fallavier, France) was added to the instillate. After 4 hrs of infection, the mice were anesthetized and blood was collected by cardiac puncture. After a median sternotomy, the lungs were collected and radioactivity was measured. The percentage of radioactive albumin (% 125 I-alb) that left the instillated lungs and entered the circulation was calculated by multiplying the count measured in the terminal blood samples (per milliliter) by the blood volume (body weight ϫ 0.07). Adding 1 mL of water to the lungs was necessary to achieve a complete homogenization of the lungs. The determination of the lung wet to dry weight ratios (W/D) was calculated as described in the study by Sawa et al (22) (see the supplemental data [Supplemental Digital Content 1, http://links. lww.com/CCM/A259]).
The lung W/D was determined by adding 1 mL of water to the lungs. Lung homogenates were dried to constant weight in an oven at 50°C for 3 days. To assess bacterial translocation, 100 L of blood was plated on BCP agar plates for quantitative cultures. Each strain was instilled to a group of five mice per experiment (total of 280 mice).
Statistical Analysis. Correlation analysis, analysis of variance, and general linear models were used for quantitative response (% 125 Ialb and W/D), whereas logistic regression was performed for binary response (bacteremia). Transformed data were used in statistical inference to ensure normality or stabilize variances: % 125 I-alb was subjected to angular transformation, whereas W/D, elastase, and pyocyanin were subjected to logarithmic transformation. Bonferroni correction was used to compute adjusted p values for multiple comparisons (when several levels are compared to a reference level). Univariate analyses have been first performed followed by multivariate analysis. Only factors with a p value of Յ.05 in univariate analysis for one of the virulence criteria were candidates for entering into the multivariate model. All statistical analyses were performed using SAS 9.1 software (SAS Institute Inc, Cary, NC).
Additional details on the statistical method are provided in the supplemental data (see Supplemental Digital Content 1, http://links. lww.com/CCM/A259).
RESULTS
LPS, QS, and Type 3 Phenotypes. The "LPS phenotype" was characterized by Oantigen serotypes. The O serotypes of 35 of the 56 nonclonal isolates (62.5%) were determined, whereas the remaining 21 isolates (37.5%) were nontypeable (O null). The O6 serotype (37%) was the most prevalent among the typeable isolates. In addition, 17.8% of the isolates were O11 serotypes. The distribution of serotypes is reported in Table 1 .
The "QS phenotype" was determined by elastase and pyocyanin production levels in vitro. The results have been previously published (34) .
The type 3 secretory genotype analysis showed that exoU, exoS, and exoT were found in 19 (34%), 30 (54%), and 45 (80%) isolates, respectively. Previously published reports suggested that not all strains of P. aeruginosa harboring the TTSS are capable of secreting effector proteins (30, 31). Thus, types III genotypes do not necessary predict secretion phenotypes. For this reason, each of the 56 isolates was analyzed for its ability to secrete type 3 effectors in vitro under TTSS-inducing condition. Eighteen isolates (32%) did not express any of the type 3 secretory proteins tested (ExoS, ExoT, ExoU). The ExoST phenotype was detected in 24 isolates (43%) and ExoU (with or without ExoT) in 15 isolates (27%) ( Table 1) . One isolate expressed both ExoU and ExoS. Four isolates contained the exoU gene but did not express the ExoU protein.
Univariate Analysis Related Lung Injury and Bacteremia to Virulence Factors. To study the relationship between the studied virulence systems (QS, LPS, and TTSS) and the in vivo pathogenicity of these 56 P. aeruginosa nonclonal clinical isolates, we used a mouse model of acute pneumonia and evaluated virulence through the assessment of acute lung injury 4 hrs after bacterial instillation. Lung injury was itself assessed through measurement of 125 I-labeled protein efflux across the alveolar capillary barrier, lung W/D of infected lungs, and bacterial dissemination into the bloodstream. The efflux of the radiolabeled tracer, 125 I-alb, from the airspace into the bloodstream has been shown to be proportional to lung epithelial injury (25, 26, 40) . Lung W/Ds have been used as reliable measurements of lung edema (25). Additionally, the percentage of positive blood cultures was measured to analyze bacterial dissemination into blood.
Elastase production was positively correlated to the efflux of airspace protein tracer into the circulation (p ϭ .03) ( Fig.  2A1 ; Table 2 ). Pyocyanin production was not associated with any of the three virulence parameters ( Fig. 2B ; Table 2 ).
We classified our strains into three groups according to the TTSS phenotypes (nonsecreting isolates, ExoST-secreting isolates, and ExoU-secreting isolates). The secretion of ExoU was associated with increased virulence. ExoU-secreting isolates compared with nonsecreting isolates were associated with higher efflux of the airspace protein tracer into the circulation (12.82%, 95% confidence interval [CI], 11.26 -14.15, and 4.41%, respectively, 95% CI, 3.54 -5.15; p Ͻ .0001); the lung W/D was also increased to 5.22 (95% CI, 5.02-5.37, vs. 4.27, 95% CI, 4.14 -4.40; p Ͻ .0001) as well as the percentage of positive blood cultures (odds ratio, 9.00; 95% CI, 1.72-46.99; p ϭ .018) (Table 3; Fig. 2C ).
ExoST-secreting isolates caused a significant higher efflux of the airspace protein tracer into the circulation than ExoU, S, T-nonsecreting isolates, respectively (6.78%, 95% CI, 5.76 -7.51, and 4.41%, 95% CI, 3.54 -5.15; p ϭ .0008). The lung W/D and the percentage of positive blood cultures did not change between these two groups ( Table 3 ; Fig. 2C ).
Serotype O11 strains were significantly more virulent than nonserotypeable strains; the efflux of the airspace protein tracer into the circulation was higher than for the serotype O strains, respectively (10.42%, 95% CI, 7.61-12.47, and 6.24%, 95% CI, 4.73-7.40; p ϭ .017) ( Table 3 ). The serotype O11 led to a significant increase in the lung W/D compared with the O null serotype, respec- Fig. 2D ).
Multivariate Analysis Related Lung Injury and Bacteremia to Virulence Factors. The multivariate analysis of virulence factors associated with lung epithe-lial injury demonstrated that TTSS toxins (ExoU and ExoST) and elastase were significant independent risk factors. Elastase production was positively correlated to the efflux of airspace protein tracer into the circulation (p ϭ .03; Table 4 ). ExoST-secreting isolates caused a signif-icant higher efflux of the airspace protein tracer into the circulation than ExoU, S, T nonsecreting isolates, respectively (6.62%, 95% CI, 5.70 -7.60, and 4.42%, 95% CI, 3.57-5.36; p ϭ .0016).
The secretion of ExoU was associated with increased virulence. ExoU-secreting isolates compared with nonsecreting isolates were associated with higher efflux of the airspace protein tracer into the circulation (12.45%, 95% CI, 10.88 -14.10, and 4.42%, respectively, 95% CI, 3.57-5.36; p Ͻ .0001); the lung W/D was also increased to 5.16 (95% CI, 4.96 -5.36) vs. 4.28 (95% CI, 4.13-4.42; p Ͻ .0001; Table 4 ). No virulence factors were associated with positive blood cultures (Table 4) .
Relationships Among LPS, QS, and TTSS. To understand the results of multivariate analysis, we searched for relationships between LPS, QS, and TTSS.
A phenotypic relationship between serotype O11 and ExoU was previously described (41) . In our study, TTSS and LPS were highly associated (p ϭ .0006; Table  5 ). Serotype O11 strains were associated with a positive ExoU phenotype, whereas serotype O6 strains were associated with a negative ExoU phenotype.
A recent study showed that the P. aeruginosa TTSS regulon was submitted to a negative RhlR-C4-HSL-dependent control (42) . It was also demonstrated that pyocyanin was under the rhlR system control (6) . Our results show an association between the levels of pyocyanin and the TTSS phenotypes. ExoU-secreting isolates produced a lower pyocyanin level than ExoU ST nonsecreting isolates (p Ͻ .05, data not shown).
DISCUSSION
Through the characterization of the virulence system phenotypes (QS-related elastase or pyocyanin production, TTSS exotoxin production, and LPS serotype) of clinically relevant P. aeruginosa isolates from critically ill patients with VAP and the in vivo experimental comparison of their potential to cause lung injury and bacterial dissemination, we found that TTSS exotoxin secretion (ExoU or ST) or an increased elastase production were the most important determinants of lung injury in a murine model. Only ExoU secretion was found to be associated with bacteremia in univariate analysis but not in multivariate analysis.
Most studies of virulence factors using experimental animal models have a classic design based on Koch's postulate that assumes that a mutation on one virulence factor has no effect on others. They therefore compared the outcome of parental laboratory strains and their isogenic mutant constructed with a mutation on one virulence factor. However, the interaction between virulence factors or systems regulating virulence is never approached (43) and laboratory strains are potentially far from clinical isolates. To circumvent these shortcomings, we chose another study design. We analyzed the contribution of three major virulence systems from clinical strains to assess the resulting pathogenicity regardless of the interactions between virulence factors and/or virulence-regulating systems (44) . The outcome of P. aeruginosa pneumonia depends on the balance between virulence factors and the host response. For this reason and also because isolating the pathogenicity resulting from bacteria from the varying insults, injuries, and host responses occurring in critically ill patients is yet unachievable, we assessed the pathogenicity of the studied clinical isolates in a homogeneous animal pneumonia model.
In this study, we first studied the production of two QS-regulated virulence factors: elastase and pyocyanin. Our results show that an increased elastase level is associated with acute lung injury. This result is consistent with previous reports; in an experimental P. aeruginosa pneumonia, elastase-deficient mutants resulted in a higher median lethal dose (45) . In guinea pigs, elastase aerosols increased alveolar permeability in a dosedependant relationship. This metalloproteinase has been shown to destroy respiratory epithelium tight junctions leading to an increase in permeability and to an increase in interleukin-8 levels (9, 46) . Pyocyanin has multiple effects on human cells such as the inhibition of cell respiration, ciliary function (47) . In an acute pneumonia model, the pathogenic effects comparison of the wild-type P. aeruginosa strains and the pyocyanindeficient mutant strains showed that pyocyanin is crucial for lung infection (20) . By contrast, in our study, we did not find a major role for pyocyanin, but the virulence was not measured by lung bacterial load (like this study) but by efflux of the radiolabel tracer and lung W/Ds.
We then focused on the TTSS. Thirtyfour percent of our isolates, 54% and 80%, contained, respectively, the exoU gene, the exoS gene, and the exoT gene; these figures are in concordance with previous works (32, 48). Prevalence of our type 3 secretory protein phenotype is also in concordance with previous work; we found that 27% of our isolates secreted ExoU, which is in agreement with other studies whose figures ranged between 23% and 28% (30, 32). In our Western blots, the distinction between ExoS and ExoT was not indisputable for each strain. That is why we decided to gather ExoS and ExoT in the same class. Thus, it is difficult to compare our figures with other studies that differentiated these two effectors.
Our results show that ExoU was associated with an increased virulence in the animal model. This result is consistent with the medical literature demonstrating that secretion of TTSS-dependent toxins are potent virulence determinants (27, 37, 49) . In a mouse model of pneumonia, blood and sputum isolates that secreted ExoU, ExoT, and PcrV were associated with increased virulence compared with isolates that secreted other combinations of type 3 proteins (30). We also demonstrated that ExoST was also associated with an increased virulence. Consistent with our study, three other studies showed that the TTSS, through ExoS production, could injure the alveolar-capillary barrier (25, 26, 50) . Our results suggest that ExoU has more potent pathogenic effect than ExoS and/or ExoT. This result is consistent with a previous work published in a study by Shaver et al (51) . In clinical study, the relative risk of mortality was sixfold higher in acute infections associated with expression of the type 3 secretory proteins ExoS, ExoT, ExoU, or PcrV (30). Similarly, a study by Hauser and coworkers (31) showed that in patients with VAP, type 3-secreting isolates were associated with worse clinical outcomes. A recent report (52) has shown that positive TTSS phenotypes were associated with persistent alveolar infection and higher rate of relapse. Our results demonstrate that the ExoU-positive phenotype was associated with a risk of bacteremia only in univariate analysis. Previous reports have suggested a role of TTSS toxins in lung translocation (25, 26, 51) .
LPS is an important component of P. aeruginosa. The antigenic O-side chains of LPS were the basis of serologic typing schemes historically used for P. aeruginosa epidemiologic studies. Environmental isolates of P. aeruginosa typically express smooth (typable) LPS with long O-side chains as opposed to the strains that have adapted to cystic fibrosis lung, which are often nontypeable and have lost these O-side chains. The prevalence of nontypeable isolates (37.5%) observed in our study was in agreement with another study (41) , although in our study, none of the patients had cystic fibrosis. The serotype O11 is often responsible for P. aeruginosa outbreaks in hospitals (53) . We showed that serotype O11 strains were significantly more virulent than nontypeable strains as attested by the measure of the efflux of the airspace protein tracer into the circulation, the lung W/D, and bacterial dissemination. Interestingly, like others, we found that serotypes O11 strains were also associated with a positive ExoU phenotype like a previous study (41) . The phenotypic relationship between serotype O11 and ExoU may be based on unknown genomic mechanisms. A possible hypothesis is that the virulence of serotype O11 strains is related to the presence of exotoxin U.
Because P. aeruginosa TTSS regulon was identified as a negative target for QS (42) , we searched a relationship between TTSS and QS. Our data indicate that ExoU-secreting isolates produced a lower amount pyocyanin level than ExoU ST nonsecreting isolates (p Ͻ .05). The rhl system has been shown to regulate the production of pyocyanin (8) . However, the TTSS regulon is submitted to a negative RhlR-C4-HSL-dependent control (42) and could explain our results.
A first limitation of our study is that the results were obtained in in vitro conditions, which may vary considerably from in vivo conditions, in which the microenvironment in which P. aeruginosa grows may modify the phenotypic strain characteristics. Another restriction of our work is that other virulence factors should be analyzed (e.g., flagelline, alkaline protease, hemolysins). However, we chose to study the main virulence factor based on previous animal and human reports. Another limitation is that bacteremia could have occurred and not been detected by blood cultures, but we did not perform cultures of spleens or livers, which could have given a better sensitivity. Additionally, the method that we used to measure the alveolar-capillary barrier permeability has been performed at a single early time point given the impossibility to track in time the radiolabeled tracer with that specific method. Finally, another concern is related to the reliability of the in vivo data obtained with a single group of five mice given the large-scale experiment. This concern may be balanced by the fact that the same highly and long-time trained operator has performed all the experiments.
CONCLUSION
This is the first study to examine the relative contribution of three important P. aeruginosa virulence systems to lung pathogenicity using clinically relevant strains from intensive care unit patients with VAP. Our study found that independent determinants of lung injury were a positive phenotype for the TTSS (ExoU or ST) and increased elastase production. Positive phenotype for ExoU was associated with bacteremia only in univariate analysis. So, the next step will be to assess in humans with P. aeruginosa pneumonia the contribution of these three important virulence factors. Patients infecting with strains that secrete ExoU or ExoS/T or elastase may have an increased risk for severe disease. Such strains may be spotted by new technologies and thus patients may benefit from early and intensive antibiotic therapy as well as new therapeutics targeting these virulence factors. 
